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Abstract 
Electrochromic 'smart windows', capable of dynamically adjusting light transmittance, glare and solar heat gain 
by an electric field have attracted more and more interests in both research laboratories and industry. Among various 
electrochromic materials, anodically coloring NiOx is of essential importance as the ion storage layer for building 
complementary electrochromic devices. In this paper, we have deposited tungsten doped NiOx thin films on indium 
tin oxide (ITO) coated glass substrates by reactive magnetron sputtering in a mixed gas ambient of Ar and O2. The 
atomic ratio of W/Ni were varied by changing the number of metal strips placed on top of the nickel oxide target. The 
electrochromic properties of Ni-W oxide thin films were tested & compared in a 3 electrode electro-chemical system 
with NaOH as liquid electrolyte. The experimental results showed that light transmittance modulation; coloration 
efficiency, as well as response times of the W-Ni oxide thin films can be greatly improved by controlling the ratio of 
W/Ni.Click here and insert your abstract text. 
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1. Introduction 
Since the discovery of anodic colorization property of NiOx due to proton intercalation in 1979[1], 
many study has been done to investigate its coloration mechanism. Various fabrication techniques have 
been used to fabricate NiOx films, including chemical synthesis methods: such as anodic oxidation, 
electro-deposition, sol-gel, spary pyrolysis, as well as physical deposition methods: such as electron-beam 
evaporation, pulse laser deposition or sputtering. It has been proved that NiOx thin films physically 
deposited through vacuum, have much better qualities in terms of coloration efficiency, cycling stabilities 
as well as reproducibilities. Therefore, combined with other cathodically colorized thin films (e.g. WO3 or 
MoO3), these high quality NiOx films show great potentials to build complementary electrochromic 
devices for various practical appliations. However, NiOx films deposited through sputtering method 
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usually have much smaller coloration efficiency and very slow response time compared with WO3. Hence, 
they are usually used as passive counter electrodes for storage of lithium ions or protons.  
Recently, many work has been done to improve the electrochromic properties, including light 
transmittance modulation, coloration efficiency as well as response time of NiOx thin films[2][3][4]. 
Among them, doping with foreign elements is one of the most efficient ways to modify their 
properties[5][6]. In this paper, we have deposited tungsten doped NiOx thin films through reactive 
magnetron co-sputtering with mixed nickel oxide and tungsten targets in a mixed ambient of Ar and O2. 
The effect of W-doping on the electrochromic properties of Ni-W oxide films has been investigated and 
compared while varing the ratio of W/Ni. 
2. Experimental 
2.1. Sample preparation 
NiOx and Ni-W oxide thin films were fabricated on indium tin oxide (ITO) coated glass substrates with 
sheet resistance around 10 :/□ through reactive magnetron co-sputtering. Substrates were cut into 
dimensions of 25mm*50mm, degreased and ultrasonically cleaned in acetone and alcohol, and 
subsequently dried in flowing nitrogen gas before deposition. 
The reactive magnetron sputtering system has a vacuum chamber with a turbo-molecular pump 
coupled with a rotary pump. Two separate mass flow controllers (MFC) were used to monitor the gas flow 
rate of argon and oxygen. 
The targets are nickel oxide(99.99%) with pure tungsten metal strips(99.99%) placed on top of the 
nickel oxide target. The nickel oxide target has a diameter of  54mm and a thickness of 3mm. The 
tungsten metal strips have a size of 20mm*5mm*2mm. By varying the number of the metal strips, we can 
control the ratio of W/Ni. The distance between the target and the substrate was 7.5 cm. The base pressure 
was about 10-5 Torr and the working pressure was 7.5*10-3 Torr. The flow rates of Ar and O2 gas were 27 
sccm and 3 sccm, respectively. Prior to sputtering, a pre-sputtering process was performed for 30 min in 
order to eliminate contaminants from the target. Sputtering was then conducted for 90 min at RF power of 
100W at the substrate temperature of 100oC for all films. NiOx thin films were deposited with pure nickel 
oxide target as control samples while Ni-W oxide films were deposited with nickel oxide target and 
different number of W metal strips. The deposition conditions were presented in Table 1. 
Table 1. Deposition conditions of  NiOx & Ni-W oxide thin films 
Parameters 
Target to 
substrate 
distance 
(cm) 
Base 
Pressure 
(Torr) 
Work 
Pressure 
(Torr) 
RF 
Power 
(W) 
Substrate 
Temperature 
(oC) 
Deposition 
Time (min) 
Ar/O2 
flow rate 
(sccm) 
Target materials 
Nickel Oxide  Number of W metal strips  
NiOx 7.5 3*10-5  7.5*10-3  100 100 90 27/3 1 0 
NiWO-01 7.5 3*10-5  7.5*10-3  100 100 90 27/3 1 1 
NiWO-02 7.5 3*10-5  7.5*10-3  100 100 90 27/3 1 2 
NiWO-03 7.5 3*10-5  7.5*10-3  100 100 90 27/3 1 3 
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2.2. Characterization 
The thicknesses of as-deposited films were measured by a surface profile meter (XP-2, Ambios Tech., 
USA) and the deposition rates were then calculated The composition of the Ni-W oxide films was 
evaluated by energy dispersive x-ray analysis (EDS) in a scanning electron microscope (SEM). The 
atomic ratios of W/Ni for the as deposited Ni-W oxide films were from 0.24 to 1.67. But Oxygen 
concentration could not be determined acurately through EDS, hence not shown in here. 
The electrochromic properties of both NiOx & Ni-W oxide films was testedt using a 0.5 M NaOH 
solution as electrolyte with a Pt(99.99%) plate and a Pt(99.99%) wire as counter and reference electrodes, 
respectively. The light transmittance of as-deposited, colored and bleached films were measured with  a 
UV-VIS-NIR spectrophotometer (Shimadzu UV3103) with wavelengths ranging from 300nm to 800nm. 
Cyclic voltammetry (CV) was performed to investigate the charge capacity and coloration efficiency of 
different films. Continuous potential cycling was carried out in the range of -0.3V to 0.9V at a scan rate of 
20 mV/s. The response time of the electrochromic Ni oxide films was then tested by applying a pulse 
potential wave between -1.0V and 1.0V with a duration time of 30 s. 
3. Results and discussion 
3.1. Characteristics of as-deposited films 
Single crystal stoichiometric nickel oxide is an anti-ferromagnetic insulator with NaCl-like face-center 
cubic crystal structure[7]. However, as-deposited NiOx thin films are always non-stoichiometric with 
excess oxygen. The extra oxygen creates Ni2+ vacancies, giving rise to its p-type conduction property [8] 
[9]. Fig.1 shows the optical transmittance spectral of as-deposited NiOx films and Ni-W oxide films with 
various W contents. The as-deposited NiOx films deposited by RF sputtering with a pure nickel oxide 
target has a dark brown color with relatively low average visible light transmittance (Tavg,380-750nm) of 
22.74%. However, after adding W atoms, the color of the thin films has changed to light brown with Tavg 
greatly increased to 47.10%, 68.93% and 80.41% with W/Ni ratios of 0.24, 0.83 and 1.67, respectively. 
The results is listed in Table 2. 
Table 2. Average visible light transmittance of as deposited NiOx & Ni-W oxide films 
Parameters Thickness 
(nm) 
Ratio of W/Ni 
 by EDS 
Deposition rate 
(nm/min) 
Tavg,380-750nm 
(%)  
NiOx 57 0 0.63 22.74 
NiWO-01 61 0.24 0.68 47.10 
NiWO-02 88 0.83 0.98 68.93 
NiWO-03 156 1.67 1.73 80.41 
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Fig. 1. Optical transmittance spectral of as-deposited films of (a) NiOx; (b) NiWO-01 with W/Ni=0.24;(b) NiWO-02 with 
W/Ni=0.83; (c)NiWO-03 with W/Ni=1.67 
3.2. Electrochromic properties 
NiOx and Ni-W oxide films were immersed in a 0.5 M NaOH solution for electrochromic property 
testing. All films showed andodically colorized characteristics. Fig. 2 shows the optical transmittance 
spectral of the NiOx & Ni-W oxide films under colored and bleached states. The average visible light 
modulation were defined as the light transmittance difference between colored and bleached states from 
380nm to 750nm. It's clear that with increasing W contents, the average light modulation has increased 
from 5.63% for NiOx to 12.39%, 20.82% and 53.76% for Ni-W oxides. Cyclic voltamogram were 
performed with a 3-electrode electrochemical working station and results were shown in Fig. 3.  The Ni-
W oxide film with W/Ni ratio of 1.67 showed highest anodic & cathodic voltammetric peaks, which 
indicates the fastest response time. The area under the closed loop indicated the charge transfer density 
(CTD) and can be calculated by integration. Fig 4 shows the variation of the charge transfer density (CTD) 
with W/Ni ratio. 
 
Fig 2 Optical transmittance spectral of (a), (b) colored&bleached NiOx films; (c),(d) colored&bleached NiWO-01 films with 
W/Ni=0.24; (e),(f) colored&bleached NiWO-02 films with W/Ni=0.83; (g), (h) colored&bleached NiWO-03 films with W/Ni=1.67 
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Fig 3 Cyclic voltamograms of (a)NiOx; (b)NiWO-01 with W/Ni=0.24; (c)NiWO-02 with W/Ni=0.83; (d) NiWO-03 with W/Ni=1.67 
 
Coloration efficiency (K) can be calculated by the following equation: 
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Where Tbleached & Tcolored is the average light transmittance of the tested thin films corresponding to 
bleached and colored states, respectively. And 'Qexchanged is the total charge that has been inserted or 
extracted. 
The response times for coloration process were very similar for all 4 films at around 20s, but the 
bleaching process was greatly affected with the addition of W atoms. By applying a pulse potential with   
-1V with a duration time of 30s, the response times were taken from the i-t curves when the currents were 
reduced to 10% of the original values. Fig 5 gives the coloration efficiencies and response times for Ni-W 
oxide films with different W/Ni ratios.  
The visible light modulation 'Tvis is defined as the visible light transmittance difference between 
bleached and colored states and can be calculated by equation (2). 
 
  nm750380avgcoloredbleachedvis TTT  ' ,   (2) 
(a) (b) 
(c) (d) 
 Yi Chen et al. /  Energy Procedia  57 ( 2014 )  1834 – 1841 1839
 
Fig 4 Charge transfer density as a function of W/Ni ratio of NiOx & Ni-W oxide films 
 
Fig 5 Coloration efficieny and response time as a function of W/Ni ratio of NiOx & Ni-W oxide films 
The measurement results were summarized in Table 3. 'Tvis is only 5.63% , K only 0.15 cm2/C, 
tbleaching 30s for the original NiOx film. However, by introducing W atoms into NiOx films, the optical & 
electrochromic properties of Ni-W oxide films have been greatly improved: 'Tvis & K greatly increased, 
while tbleaching greatly decreased. Furthermore, when the W/Ni ratios were increased from 0.24 to 1.67, 
'Tvis has been increased from 12.39% to 53.76%, coloration efficiency from 0.18 cm2/C to 30.18 cm2/C, 
while tbleaching were reduced from 17.5s to 2.1s. 
Table 3. Electrochromic properties of NiOx & Ni-W oxide films with various W/Ni ratios 
Parameters Thickness 
(nm) 
Ratio of 
W/Ni  
CTD         
(mC/cm2) 
'Tvis (% )  ¨(cm2/C) tcoloration (s) tbleaching (s) 
NiOx 57 0 2.61 5.63 0.15 19.5 30.0 
NiWO-01 61 0.24 2.90 12.39 0.18 20.1 17.5 
NiWO-02 88 0.83  15.1 20.82 0.74 20.3 7.5 
NiWO-03 156 1.67 26.1 53.76 30.18 20.6 2.1 
 
 
The cycling stability of all 4 samples were tested through continuous potential cycling up to 200 
cycles in the potential range between -0.3V to 0.9V at a scan rate of 20 mV/s. The light transmittance of 
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all films were measured after 50, 100 and 200 cycles. The visible light modulation 'Tvis were plotted in 
Fig. 6. It can be seen that 'Tvis of the NiOx film first increase from 5.63% to 16.50% after 50 cycles then 
decrease to 3.39% after 200 cycles. Meanwhile, 'Tvis of  all 3 Ni-W oxide films first increase with 
cycling times up to 100 cycles. And for NiOW-01 with W/Ni ratio of 0.24, its 'Tvis keep increasing with 
cycling times from original value of 12.39% to 20.57% after 200 cycles. However, for NiWO-03 with 
highest W/Ni ratios of 1.67, 'Tvis greatly decrease after 200 cycles from original value of 53.76% to 
39.40%. Meanwhile, for NiWO-02 with moderate W/Ni ratio of 0.83, 'Tvis first increase from original 
value of 20.82% to 47.34% after 100 cycles, then decrease to 38.14% after 200 cycles. Hence, generally 
speaking, the cycling stability of Ni-W oxide films is better than NiOx film without doping but it 
deteriorate when doping concentration of W atoms is too high. However, more experiment needs to be 
conducted to investigate the detailed cycling degradation mechanism of Ni-W oxide films with very high 
W/Ni ratios. 
 
 
Fig 6 Visible light modulation 'Tvis as a function of cycling times of (a)NiOx; (b)NiWO-01 with W/Ni=0.24; (c)NiWO-02 with 
W/Ni=0.83; (d) NiWO-03 with W/Ni=1.67 
According to S.-H. Lee & S.-K. Joo [10], by introuducing W atoms into NiOx films, the Ni2+ sites 
would probably be replaced by W6+, creating more Ni2+ vacancies, which in turn increases the structural 
defects and allowing more efficient proton insertion and extraction. 
4. Conclusion 
Ni-W oxide thin films were successfully deposited through co-sputtering of nickel oxide & tungsten 
metal strip targets, the ratios of W/Ni were varied and the effects on film properties were investigated. 
The experimental results showed that by introducing W atoms into NiOx films, the Ni-W oxide films 
showed much higher visible light transmittance with higher coloration efficiencies and faster response 
times. And Ni-W oxide films has better cycling stability when the doping concentration of W is small to 
moderate. However, when W/Ni ratio is too high, the cycling stability of the Ni-W oxide film deteriorate 
after 200 cycles. Hence, it can be concluded that, Ni-W oxide thin films can serve as a promising active 
layer material for building electrochromic devices for practical applications. It's believed that the 
improvement of the electrochromic properties of Ni-W oxide films are probably due to the enhancement 
of proton insertion/extraction efficiency by creating more Ni2+ vacancies through the incorporation of W6+ 
into the matrix of amorphous nickel oxide films.  
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